Introduction {#s001}
============

I[nterventions for addressing]{.smallcaps} core symptoms of autism spectrum disorder (ASD) are limited, in part, due to lack of valid and reliable objective endpoints for measuring clinically and statistically significant changes in core symptoms (Ghosh et al. [@B8]). Two core symptoms of ASD diagnosis include social communication deficits and restricted and repetitive patterns of behavior. Apart from these, other symptoms (obsessive/compulsive attributes, aggression, self-injury, unmanageable mood swings, hyperactivity and concentration issues, anxiety, and sleep disorders) (Anagnostou et al. 2015) coexist and impact overall functioning, quality of life, and treatment outcomes for ASD (Matson et al. [@B19]).

To date, different tools have been used to measure core and co-occurring symptoms, outcomes, and progress in ASD. The varying relevance of existing rating scales and limited evidence of their measurement properties hinder interpretation of treatment outcomes (McConachie et al. [@B20]). A number of scales used, such as the Autism Diagnostic Interview-Revised, are designed primarily for diagnosing ASD and are not ideally suited to assess treatment outcomes (Lord et al. [@B16]; Le Couteur et al. [@B14]). Other scales, such as the Aberrant Behavior Checklist (ABC) (Aman et al. [@B5]) and the Child Behavior Checklist (Achenbach and Rescorla [@B2]), measure overlapping constructs and have been used to measure change in ASD interventions, but were not specifically developed for this purpose.

Compounding evidence and recent advances describing outcome measures in the field of ASD emphasize the need for more targeted scale development in this area (Lecavalier et al. [@B15]; Aman et al. [@B4]; Anagnostou et al. 2015; McConachie et al. [@B20]; Scahill et al. [@B24]). Autism Speaks assembled a panel of experts to conduct a systematic review of available measures in Social Communication (Anagnostou et al. 2015), Repetitive Behaviors (Scahill et al. [@B24]), and Anxiety (Lecavalier et al. [@B15]). Besides a few measures whose relevance was conditional, the panel found no measures to be fully appropriate for measuring ASD outcomes. A recent editorial further outlined difficulties with existing rating scales (Aman et al. [@B4]). First, the items are often too complex and may use overly clinical symptom terminology, making it difficult for parents to understand. Second, several items refer to behaviors that can only be observed in a particular context or only during a particular developmental stage, thus limiting age appropriateness. Involving the respondent in the development process is an important aspect (U.S. Department of Health and Human Services [@B29]) and can ameliorate some of the difficulties described.

Another limitation of existing scales relates to anchor choice. If fewer anchor points are selected, this creates a coarser scale with limited options for respondents to rate, providing only a few points to capture severity and responsiveness to change. The ability of rating scales to capture change, particularly change early in intervention, may be critical for evaluating the success of intervention effectiveness.

Establishing sensitivity to change in core ASD symptoms has been particularly difficult, due to the limited number of effective interventions in the field (Anagnostou et al. 2015). The Vineland Adaptive Behavior Scale (Sparrow and Balla [@B27])-Revised---suitable for birth to 90 years---demonstrated evidence of sensitivity to change although it was inconsistent and time-consuming (Anagnostou et al. 2015). The Social Responsiveness Scale, second edition (SRS-2), which measures both social impairment and repetitive behaviors, has been used as an outcome measure in ASD interventions (Singh et al. [@B26]). However, the specified recall period of 6 months with the SRS-2 limits its use in measuring change over shorter periods of time. The Autism Impact Measure (Kanne et al. [@B10]) has been developed to measure short-term change in ASD core symptoms but, to the best of our knowledge, is yet to be validated in an intervention study. Other instruments frequently used as clinical trials endpoints (McCracken et al. [@B21]; Research Units on Pediatric Psychopharmacology Autism Network [@B22]; Akhondzadeh et al. [@B3]; King et al. [@B12]; Marcus et al. [@B17], [@B18]; Scahill et al. [@B25]; Singh et al. [@B26]) include the Repetitive Behavior Scale--Revised (RBS-R) (Lam and Aman [@B13]), Child and Adolescent Symptom Inventory-4 Anxiety Scale (CASI-ANX) (Sukhodolsky et al. [@B28]), and ABC (Aman et al. [@B5]). However, these scales assess either a single behavioral domain or do not cover both social communication and repetitive behaviors comprehensively. Therefore, they may be suboptimal for measuring the results of interventions on core ASD symptoms.

Described herein is the initial development and pilot testing of a novel measure, the Autism Behavior Inventory (ABI), which was evaluated in its full form (ABI-F) and short form (ABI-S). These measures are web-based scales completed by parents for reporting the behaviors of individuals with ASD. Our primary objective was to develop a scale for measuring change in core and associated symptoms in both children and adults with ASD. The intention was that the scale will be freely available for use in research and clinical practice. This pilot investigation of the ABI-F and ABI-S includes comparisons with established and currently available scales for measuring autism symptoms, and the evaluation of associated scale characteristics, validity, and other psychometric properties.

Methods {#s002}
=======

Development of the ABI consisted of phase 0---item selection and scale design---and phases 1 and 2---item testing analyzed for psychometric performance and further item and scale optimization ([Fig. 1](#f1){ref-type="fig"}).

![Scale development process.](fig-1){#f1}

Phase 0: scale design {#s003}
---------------------

Drafting of items to be measured was based on literature reviews and expert opinion. Clinicians, public health experts, and expert practicing clinicians provided input to conceptualize ASD assessment tool development. This group generated items, refined item wording, evaluated completeness of item coverage across ASD domains, and performed initial assessment of clarity and readability.

After items were selected, they were assigned to item groups by expert clinicians: these groups of items formed the domains and subdomains of the ABI. A total of five domains were selected: two core domains of Social Communication and Restrictive and Repetitive Behaviors, and co-occurring domains of Mental Health, Self-Regulation, and Challenging Behavior. Each domain was divided into subdomains and items of each subdomain were linked to two of four possible anchors (quality, context, frequency, and intensity). For measures of subdomains, clinical experts reviewed how well individual items were associated with each other, how items were conceptually associated with each domain, how domains were conceptually associated with each other, and the overall construct of the scale.

Likert scale anchors were customized to each behavior item as appropriate. Valence of items was adjusted for scoring so that in all cases 0 = absence of symptoms, 6 = maximum symptoms, for example, "gets upset over small changes in routine" Frequency: never, would score 0; whereas "uses facial expressions that are appropriate to the situation" Frequency: never, would score 6.

Using a web-based format, items were automatically personalized using the child\'s name and gender-specific pronoun in each of the behavior descriptions. It also enabled filtering of items as appropriate for age, and verbal ability (submitted for publication). Anchors that were not appropriate were not displayed (e.g., if a parent selected "none" for frequency of a behavior, they were not prompted to rate the intensity of the behavior).

Phase 1: item reduction {#s004}
-----------------------

After providing consent, eligible parents of children aged 3 years or older, who had a diagnosis of ASD, completed a version of the ABI containing 161 items. Factor and usability analyses were performed on these data to derive optimal behavioral items that met a variety of psychometric criteria.

Phase 2: reliability and validity {#s005}
---------------------------------

To determine reliability and validity, the ABI was subjected to preliminary psychometric analyses in a pilot study. Twenty-five parents and 20 healthcare professionals (HCPs) completed the ABI as part of a noninterventional validation study of the JAKE™ system (submitted for publication). The scores on the ABI were also compared with other scales measuring similar constructs specific to ASD, or that have been used in ASD populations previously.

The ABI-F was administered at baseline and endpoint visits in an 8-week monitoring period. It was completed independently by the same parent and site HCP (three sites) at each visit.

Results {#s006}
=======

The demographics and baseline characteristics are summarized in [Table 1](#T1){ref-type="table"}.

###### 

[Demographics and Baseline Characteristics]{.smallcaps}

                                                                       *Total (*n* = 353)*
  -------------------------------------------------------------------- ---------------------
  Phase 1                                                              
   Participant age, *n* (%)                                            
    3--10 years                                                        198 (56)
    11--21 years                                                       155 (44)
   Gender, *n* (%)                                                     
    Male                                                               275 (78)
    Female                                                             78 (22)
   Participant\'s level of language                                    
    No language                                                        18 (5)
    Uses signs or picture exchange for single words                    17 (5)
    Uses single words/2--3 utterances                                  49 (14)
    Puts signs or picture exchange together to make simple sentences   9 (3)
    Uses simple sentences                                              100 (28)
    Speaks in full sentences                                           159 (45)
   Parent age, *n* (%)                                                 
    18--24 years                                                       21
    25--34 years                                                       125 (35)
    35--44 years                                                       118 (33)
    55--64 years                                                       66 (19)
    65--74 years                                                       23 (65)
   Parent education                                                    
    Less than high school                                              5 (1)
    High school graduate                                               52 (15)
    Some college credit, no degree                                     118 (33)
    Bachelor\'s degree                                                 123 (35)
    Master\'s degree                                                   37 (10)
    Professional degree                                                14 (4)
    Doctorate degree                                                   4 (1)
  Phase 2                                                              
   Age (years)                                                         
    Mean (SD)                                                          10 (5.3)
   Age, *n* (%)                                                        
    3--5 years                                                         3 (13.0)
    6--9 years                                                         8 (34.8)
    10--12 years                                                       7 (30.4)
    13--17 years                                                       3 (13.0)
    \>18 years                                                         2 (8.7)
   Gender, *n* (%)                                                     
    Male                                                               21 (91.30)
    Female                                                             2 (8.70)
   Race, *n* (%)                                                       
    White                                                              22 (95.7)
    Multiple                                                           1 (4.3)
   CARS total, mean (SD)                                               47.7 (8.8)

CARS, Child Autism Rating Scale; SD, standard deviation.

Phase 1 {#s007}
-------

### Confirmatory factor analysis {#s008}

The items were subjected to confirmatory factor analysis (CFA) with principal axis factoring. The rotation method was varimax with Kaiser Normalization. The Kaiser--Meyer--Olkin measure of the sampling adequacy ratio of total items was 0.932, indicating appropriateness for factor structure. The CFA with five factors accounted for 63.74% of the variance. All items loaded on their respective domains, with several items cross loading. Cross loading items were reviewed further as a part of the item-reduction process ([Supplementary Table S1](#SD1){ref-type="supplementary-material"}; Supplementary Data are available online at [www.liebertpub.com/cap](www.liebertpub.com/cap)).

### Item reduction {#s009}

Item reduction processes were carried out using the item characteristics performance criteria described in [Table 2](#T2){ref-type="table"}. Items that did not meet criteria set out for item characteristics were flagged for deletion or review by clinician experts. Items with a low item-total correlation (i.e., low correlation with respective subscale) and low item discrimination index (IDI) (\<0.30) were considered for elimination. Differential item functioning (DIF) (Rogers [@B23]; Karami [@B11]) was examined for age and verbal ability (verbal vs. nonverbal). If moderate-to-severe DIF was noted, the item was flagged for deletion or review.

###### 

[Reasons for Changing Items During Survey Tool Development]{.smallcaps}

  *Item characteristic*                          *Reasons for amendments or deletion*
  ---------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Clarity and implications                       Reported as not relevant by Subject Matter Experts or caregivers completing the survey
                                                 Generated an unacceptably large amount (\>65%) of missing data points
                                                 Generates many questions or requests for clarification
                                                 Caregivers interpret items and responses in a way that is inconsistent with the conceptual framework
  Range of response (ceiling or floor effects)   A high percent of respondents at the floor or ceiling
                                                 None of the response choices applies to them
                                                 Distribution of item responses is highly skewed (skewness, kurtosis)
  Variability                                    All or most (\>80%) of caregivers give the same answer (i.e., no variance)
                                                 Differences among subjects are not detected when important differences are known
  Interitem correlation                          Item is highly correlated with other items in the same subdomain (this can represent redundant concepts being measured)
  Item discrimination                            Item is highly correlated with measures of concepts other than the one it is intended to measure
                                                 Item does not show variability in relation to some known population characteristics (i.e., severity level, classification of condition, or other known characteristic)
  Differential item functioning                  Item shows variable for different groups (e.g., females compared to males, verbal vs. nonverbal, younger subjects vs. older subjects)
  Item information function                      If the amount of information an item conveys is small, it means that the ability (behavior) cannot be estimated with precision and the estimates will be widely scattered about the true ability (behavior).

After factor analysis and item reduction, two versions of the ABI scale were developed: ABI-F 93 items and ABI-S 36 items.

### Consultation and feedback from parents on scale development {#s010}

Parents were asked further questions regarding the items and response choices, and given the opportunity to provide qualitative feedback. In all, 86% of respondents rated items on the survey as extremely representative of their child\'s behaviors. Eight percent of respondents suggested additional items for inclusion. Specifically, 25% suggested food-sensitivity issues, which resulted in the generation of one new food-sensitivity item. Seven percent of suggestions related to sleep, leading to one new sleep item. Other suggestions related to developmental outcomes---toileting and physical development or child-specific items, which may be important and related to level of functioning but were considered outside the scope of the ABI.

Parents were asked about the suitability of response options. A total of 93% respondents selected "choices always made sense" option. Overall, 94% of parents responded as having "no difficulty at all" to a question about difficulty understanding or responding to items. Items for which parents indicated "they did not understand what was being asked" were removed or reworded with specific examples added.

Parents also responded to an open-ended question regarding improvements to the scale. Fifty-one percent of respondents stated that they had no suggestions for changes, 19% gave a positive response such as "This was one of the easiest I\'ve seen." or "I was surprised at the inclusiveness and wide range of detailed issues that go on with a child dealing with such a diagnosis, well put together." There were very few responses that were not positive. Two parents found the survey lengthy and others (22%) added suggestions for improvement to scale content, presentation, or response structure. Responses relating to suitability of the scale for verbal and nonverbal participants and the inclusion of specific examples for items and scale length were taken into account when finalizing the pilot scale. In addition, based on parent feedback, we added a completion "progress bar" and examples for some of the questions that they reported as more difficult to understand.

Phase 2 {#s011}
-------

### Test--retest reliability {#s012}

Test--retest reliability (*n* = 43) was assessed using the Wilcoxon signed-rank test to compare ABI score changes at the beginning of study (first) and the end of the study (last) for parents and HCPs. This accounted for 23 parents and 20 HCPs; data from 2 parents were not available at both time points.

Most ABI correlations were statistically significant ([Table 3](#T3){ref-type="table"}). Some subdomains failed to show significant correlations either for parents (elopement only: *r* = 0.23, *p* = 0.277) or site HCPs (e.g., hypersensitivity *r* = 0.103, *p* = 0.78, tantrums *r* = 0.351, *p* = 0.199). Test--retest reliability was higher for parents than for site HCPs, but all estimates fell within the 95% confidence interval (CI). Test--retest correlations were often \>0.90 for parents and \>0.80 for site HCPs ([Table 3](#T3){ref-type="table"}). The median correlation was 0.86 for parents and 0.71 for HCPs, and for 48% of site HCPs, the lower limit of the 95% CIs was \>0.70.

###### 

[Summary of Test--Retest Correlations for All Subscales for First-Last and Baseline-Endpoint Visits]{.smallcaps}

                                                    n    *Min*      *Q1*       *Median*   *Q3*       *Max*
  ------------------------------------------------- ---- ---------- ---------- ---------- ---------- --------
  First vs. last, ABI-F scores (parents and HCPs)                                                    
   Correlations                                     43   0.10       0.67       0.79       0.88       0.96
   Differences                                      44   −0.62      −0.32      −0.15      0.02       1.22
   Correlation *p*-values                           43   \<0.001    \<0.001    \<0.001    0.001      0.778
   Difference *p*-values                            43   \<0.001    0.013      0.219      0.488      0.965
  Baseline vs. endpoint, standard scales                                                             
   Correlations                                     21   0.618      0.703      0.767      0.83       0.92
   Differences                                      21   −2.857     −0.714     −0.286     −0.071     1.571
   Correlation *p*-values                           21   \<0.0001   \<0.0001   \<0.0001   \<0.0001   0.0005
   Difference *p*-values                            21   0.0012     0.3965     0.4987     0.7756     0.9404

ABI, Autism Behavior Inventory; HCPs, healthcare professionals; n, number of domains/scales.

### Internal consistency reliability {#s013}

Cronbach\'s alpha was used to measure internal consistency for the subdomain scores within their respective domain scores for the ABI and the ABI-S. Acceptable alpha values between 0.70 and 0.90 across raters and visits were recorded for restrictive and repetitive behaviors and self-regulation. However, due to limited sample size, most values for challenging behavior, mental health, and social communication were below that range but close to the required threshold ([Table 4](#T4){ref-type="table"}). Alpha for the social communication scale on the ABI-S was poor (0.15), indicating that internal consistency for the subset of social communication items in the short scale was unacceptable.

###### 

[Cronbach\'s Alpha for Autism Behavior Inventory Subdomains Within Domains]{.smallcaps}

                                                                                          *Cronbach\'s alpha*   
  --------------------------------------------------------------------------------------- --------------------- ------
  Domain: social communication                                                            0.58                  0.15
  Subdomains:                                                                                                   
  Joint attention, nonverbal communication, reciprocity, verbal communication                                    
  Domain: restrictive repetitive behaviors                                                0.80                  0.60
  Subdomains:                                                                                                   
  Hypersensitivity, resistance to change, restricted interests, stereotypical behaviors                          
  Domain: mental health                                                                   0.63                  NC
  Subdomains:                                                                                                   
  Irritability, anxiety                                                                                          
  Domain: self-regulation                                                                 0.70                  NC
  Subdomains:                                                                                                   
  Hyperactivity, impulsivity                                                                                     
  Domain: challenging behavior                                                            0.68                  0.46
  Subdomains:                                                                                                   
  Aggression, antisocial behavior, elopement, temper tantrums                                                    

NC, not calculated.

### Validity {#s014}

To evaluate concurrent, convergent, and divergent validity of the scale, the ABI domain and subdomain scores were compared with existing criterion assessments: SRS (parent), Social Communication Questionnaire (SCQ), RBS-R, CASI-5-ANX, Caregiver Strain Questionnaire (CGSQ--short form 7).

Correlations between the ABI-F core domains and standard rating scale total scores for caregiver ratings are summarized in [Table 5](#T5){ref-type="table"}. Pearson\'s correlations between the ABI domains and corresponding scales were strongly positive (*r* ≥ 0.70) and highly significant (*p* \< 0.001), showing concurrent validity between the ABI and scales designed to measure similar constructs. In addition, divergent validity was shown between the ABI domains and scales measuring different constructs. For example, there was no significant correlation between ABI mental health domain and the RBS-R.

###### 

[Correlation of Total Domain Score on the Autism Behavior Inventory with Total Score on Standard Scales]{.smallcaps}

                                        *SRS*                                     *SCQ*                                     *RBS-R*                                   *CASI*                                    *CGSQ*
  ------------------------------------- ----------------------------------------- ----------------------------------------- ----------------------------------------- ----------------------------------------- --------
  Social communication                  0.76^[\*\*](#tf4){ref-type="table-fn"}^   0.79^[\*\*](#tf4){ref-type="table-fn"}^   0.71^[\*\*](#tf4){ref-type="table-fn"}^   0.24                                      0.22
  Restrictive and repetitive behavior   0.83^[\*\*](#tf4){ref-type="table-fn"}^   0.80^[\*\*](#tf4){ref-type="table-fn"}^   0.89^[\*\*](#tf4){ref-type="table-fn"}^   0.32                                      0.47
  Mental health                         0.31                                      −0.06                                     0.03                                      0.73^[\*\*](#tf4){ref-type="table-fn"}^   0.22
  Self-regulation                       0.22                                      −0.17                                     0.02                                      0.61^[\*](#tf4){ref-type="table-fn"}^     0.12
  Challenging behavior                  0.37                                      0.24                                      0.35                                      0.27                                      0.14

*p* \< 0.001; ^\*^ *p* \< 0.01.

CASI, Child and Adolescent Symptom Inventory, Anxiety Subscale; CGSQ, Caregiver Strain Questionnaire; RBS-R, Repetitive Behavior Scale--Revised; SCQ, Social Communication Questionnaire; SRS, Social Responsiveness Scale.

### Item reduction analysis {#s015}

The assessments were based on only a modest sample size compared with phase 1 (*n* = 37, clinician and parent data); thus, the IDI was used instead of the Item Information Function. Items with values with IDI \<0.003 (considered as poor items) were eliminated if they did not affect the alpha or construct validity of the assessment. Moreover, a clinical expert panel (nine experts) underwent three rounds of consultation and feedback based on the Delphi process (Dalkey [@B7]) to reach consensus on whether to retain or eliminate items for the ABI-S. Repetitive items (IDI \>0.8 and confirmed by independent clinician review) were merged into single items or the best-performing item (based on alpha) was kept. The panel considered items for inclusion in the ABI-S, which were of clinical importance, most likely to be sensitive to change and more likely to be assessed through observation and interview by HCPs.

In addition, item reduction analysis carried out during this phase led to further scale refinement resulting in the ABI-F (73 items) and the ABI-S (35 items). All items comprised a subset of the ABI-F ([Table 6](#T6){ref-type="table"}).

###### 

[Final List of Items for the Autism Behavior Inventory Short Form and Long Form]{.smallcaps}

  *DOMAIN subdomain*                 *Attribute*                                                                       *Anchor type*^[a](#tf6){ref-type="table-fn"}^   *Short form*
  ---------------------------------- --------------------------------------------------------------------------------- ----------------------------------------------- --------------
  Social communication                                                                                                                                                 
   Reciprocity                       \<name\> responds to familiar things                                              Q/C                                              
   Reciprocity                       \<name\> resists affection from familiar people                                   F/I                                              
   Reciprocity                       \<name\> shows appropriate affection toward familiar people                       Q/C                                              
   Reciprocity                       \<name\> shows inappropriate affection toward unfamiliar people                   F/I                                              
   Reciprocity                       \<name\> comments on other people\'s emotions                                     F/C                                              
   Reciprocity                       \<name\> looks when he/she is called or praised                                   F/C                                             x
   Reciprocity                       \<name\> looks where another person is looking and pointing                       Q/C                                             x
   Reciprocity                       \<name\> shows an interest in what other people are doing                         Q/C                                             x
   Reciprocity                       \<name\> responds to attempts to initiate social interaction                      Q/C                                             x
   Reciprocity                       \<name\> imitates an action sometime after he/she originally observed it          F/C                                              
   Reciprocity                       \<name\> gives things to others to get help                                       Q/C                                              
   Reciprocity                       \<name\> shows pleasure in shared interactions                                    F/C                                              
   Reciprocity                       \<name\> engages in make believe play with another person                         Q/C                                             x
   Reciprocity                       \<name\> has difficulty interacting with peers                                    F/I                                              
   Reciprocity                       \<name\> is able to take turns in conversation                                    Q/C                                             x
   Nonverbal communication           \<name\> directs facial expressions toward other people to communicate feelings   Q/C                                              
   Nonverbal communication           \<name\> uses facial expressions that are appropriate to the situation            F/C                                             x
   Nonverbal communication           \<name\> waves "Hello" and "Goodbye"                                              Q/C                                              
   Nonverbal communication           \<name\> uses common gestures                                                     Q/C                                             x
   Nonverbal communication           \<name\> uses gestures to request something                                       Q/C                                             x
   Nonverbal communication           \<name\> uses gestures to comment on what is happening                            Q/C                                              
   Nonverbal communication           \<name\> requests items by pointing                                               F/C                                             x
   Nonverbal communication           \<name\> combines gestures with vocalizations to enhance communication            Q/C                                             x
   Verbal communication              \<name\> says socially inappropriate things                                       F/I                                              
   Verbal communication              \<name\> uses tone of voice appropriately to emphasize content of speech          Q/C                                              
   Verbal communication              \<name\> offers information about his/her own thoughts or feelings                Q/C                                              
   Verbal communication              \<name\> attends to parts of a sentence and misinterprets the whole               F/I                                              
  Restrictive repetitive behaviors                                                                                                                                     
   Resistance to change              \<name\> gets upset over small changes in routine                                 F/I                                             x
   Resistance to change              \<name\> has difficulty being flexible                                            F/I                                             x
   Resistance to change              \<name\> resists trying out new things                                            F/I                                              
   Resistance to change              \<name\> insists on doing things the same way each time                           F/I                                             x
   Restricted interests              \<name\> is fixated on certain topics or activities and unable to move on         F/I                                             x
   Restricted interests              \<name\> has an unusually narrow range of interests                               F/I                                              
   Stereotypical behaviors           \<name\> repeats/echoes what others say                                           F/I                                              
   Stereotypical behaviors           \<name\> insists on saying words or phrases over and over                         F/I                                             x
   Stereotypical behaviors           \<name\> has mannerisms or odd ways of moving her/his hands or fingers            F/I                                             x
   Stereotypical behaviors           \<name\> makes repetitive movements                                               F/I                                             x
   Stereotypical behaviors           \<name\> uses objects repetitively                                                F/I                                             x
   Stereotypical behaviors           \<name\> attempts to harm himself/herself                                         F/I                                             x
   Hypersensitivity                  \<name\> over-reacts to common smells                                             F/I                                              
   Hypersensitivity                  \<name\> over-reacts to noise or sounds                                           F/I                                              
   Hypersensitivity                  \<name\> over-reacts to touch or being held                                       F/I                                              
   Hypersensitivity                  \<name\> has sensitivities to certain food textures                               F/I                                              
  Mental health                                                                                                                                                        
   Irritability                      \<name\> cries over minor annoyances and hurts                                    F/I                                              
   Irritability                      \<name\> is irritable and whiny                                                   F/I                                             x
   Anxiety                           \<name\> worries about things                                                     F/I                                              
   Anxiety                           \<name\> complains about physical problems, without a known medical reason        F/I                                              
   Anxiety                           \<name\> is tense or anxious                                                      F/I                                             x
   Anxiety                           \<name\> looks worried or concerned                                               F/I                                              
   Anxiety                           \<name\> clings to adults or is too dependent on them                             F/I                                              
   Anxiety                           \<name\> gets upset when separated from a parent                                  F/I                                             x
   Anxiety                           \<name\> is anxious in social situations                                          F/I                                             x
   Depression                        \<name\> appears sad                                                              F/I                                              
   Phobia                            \<name\> is fearful of specific objects or situations                             F/I                                              
  Self-regulation                                                                                                                                                      
   Impulsivity                       \<name\> has difficulties waiting his/her turn                                    F/I                                             x
   Impulsivity                       \<name\> acts without thinking                                                    F/I                                             x
   Impulsivity                       \<name\> acts recklessly                                                          F/I                                              
   Hyperactivity                     \<name\> switches quickly from one topic or activity to another                   F/I                                             x
   Hyperactivity                     \<name\> has difficulties playing or engaging in leisure activities quietly       F/I                                             x
   Hyperactivity                     \<name\> fidgets                                                                  F/I                                              
   Hyperactivity                     \<name\> has difficulty remaining seated                                          F/I                                              
   Hyperactivity                     \<name\> is excessively active                                                    F/I                                              
   Sleep                             \<name\> has sleep problems                                                       F/I                                             x
  Challenging behavior                                                                                                                                                 
   Aggression                        \<name\> is verbally aggressive toward other children or adults                   F/I                                             x
   Aggression                        \<name\> is physically aggressive toward other children or adults                 F/I                                             x
   Aggression                        \<name\> reacts with aggression when he/she is upset or stressed                  F/I                                             x
   Aggression                        \<name\> throws things inappropriately                                            F/I                                              
   Aggression                        \<name\> is mean to animals                                                       F/I                                              
   Aggression                        \<name\> hits or kicks                                                            F/I                                              
   Elopement                         \<name\> runs away                                                                F/I                                             x
   Antisocial behavior               \<name\> takes or grabs things that belong to others                              F/I                                              
   Temper tantrums                   \<name\> screams, yells, and cries                                                F/I                                              
   Temper tantrums                   \<name\> has temper outbursts or tantrums                                         F/I                                             x

Anchor combinations: frequency (F), intensity (I), quality (Q), context (C). A pdf version of the ABI is available at <https://www.janssenmd.com/>

ABI, Autism Behavior Inventory; x, items included in the ABI-S.

Discussion {#s016}
==========

There exists a paucity of validated outcome measures to assess severity and change in core and associated behaviors in ASD as also elucidated in several pivotal reviews and an editorial (Lecavalier et al. [@B15]; Aman et al. [@B4]; Anagnostou et al. 2015; McConachie et al. [@B20]; Scahill et al. [@B24]). The ABI was developed through an iterative process, involving expert consultation, statistical validation, and parent feedback, resulting in the current scale, which will be available free for professional use, including for further validation studies and use in evaluation of interventions.

Correlations between ABI core domains and commonly used existing scales measuring similar constructs demonstrated good construct validity. In addition, as hypothesized, there were no, or smaller, correlations between some of the ABI domains and the scales measuring different constructs, demonstrating good divergent validity of the ABI. Thus, the ABI measures a range of behaviors that are sometimes co-occurring with, but not part of, the core symptomology.

Test--retest reliability was shown to be good, and the core ASD domains rated by parents had comparable or better test--retest correlations than standard scales rated at the same time points. HCP-rated ABI scores showed lower correlations between visits compared with parents, indicating lower test--retest reliability. This is not surprising, given that parents and clinicians had different roles and observed behaviors in very different contexts (Achenbach et al. [@B1]). HCPs report on a small sample of behavior observed only during the clinic visit of the patient, while parents draw on broader observations in a range of contexts over vastly longer periods of time spent with the patient. Behavior in the clinics may have been somewhat "rarefied" in the sense that children with ASD tend to respond negatively to change in routine; early visits to the clinics may have been accompanied by emotional lability not observed later on.

Ongoing studies are currently evaluating the ability of HCPs to use the ABI, specifically the ABI-S, from the perspectives of burden, validity, and reliability. Given the unacceptable alpha levels, particularly for the social communication domain of the ABI-S, a revised set of items was developed with the involvement of a Delphi panel. The items were suggested based on likelihood that they were observable in a clinic setting or most likely to be sensitive to change, in addition to consideration of how the items performed statistically. This enabled retention of items that we felt were of clinical importance, but with less statistical validation in this small sample. Around 50% of the items met the criteria for inclusion based on statistical performance and clinician panel opinion. Other items, such as "has temper outbursts or tantrums when he doesn\'t get his own way" and "makes repetitive movements," would not have been included in the ABI-S based on statistical performance, but were included based on strong consensus from the panel. In addition to careful consideration of the items to be included in the ABI-S, an observation period and semistructured interview have been added to the HCP ABI process for future studies, to enhance the ability of the clinician to respond to the items.

Parents and caregivers may complete the ABI, or the ABI-S. The creation of a scale that is both easy to use and measures the behaviors that are of interest and importance to parents has been a central part of the development process. Both phase 1 and 2 incorporated feedback on content and usability, in accordance with FDA guidelines (U.S. Department of Health and Human Services [@B29]). Acceptability by parents was good, in terms of understanding of items and anchors, and ability to access and navigate the scale. A small number of items were removed due to difficulties with parents understanding or being able to report on a particular behavior for their child. A large majority of parents in the first phase found the scale to be comprehensive, but the addition of items such as sleep and food sensitivity ensured that behaviors reported as key concerns for parents were included in the ABI. We took other feedback into account, such as the use of progress bar, and incorporated several features to personalize the scale to enhance parents\' experiences when completing it.

The ABI differs from other scales in that it was developed for online/tablet administration and validated in this context. This online administration format reduces burden on participants, and may improve study adherence and reduce attrition (Gwaltney et al. [@B9]). It offers convenience to families to complete the assessments from home on devices parents are comfortable and familiar with, which minimizes the need to travel for a study visit. The system can remind parents when a rating is due and confirm when the family completes the scale. This helps to ensure that scales are completed within expected time frames, and prevents backdating of scale completion without the researcher\'s knowledge. Reduction of nonresponse to items is inherent in the scale design, as missing items are highlighted and required before a respondent is able to move on. A further advantage is the possibility of instantaneous data transfer and scoring.

The online presentation of the ABI allows adaptability of the scale. The ability to customize the ABI may improve the experience for parents by reducing burden of completing questions that are not relevant. For example, the addition of filters to exclude items not appropriate for certain ages or developmental levels means that parents are not required to repeatedly complete items at ceiling or baseline. Another benefit is that the software can provide participants (and separately, researchers) with a display of their individual outcomes relative to previous ratings or relative to appropriate normative groups to make interpretation of change relatively easy. Thus, several potential benefits make online completion of ABI the preferred format. However, paper versions of the scale have also been created that allow for more traditional paper-and-pen format.

A further advantage of the ABI is the inclusion of a number of subscales within one tool. This also has potential to reduce parent burden, while enabling researchers to get an indication of change in both core and most commonly associated symptoms. For example, the strong correlation between the CASI-ANX and the mental health domain (0.73) may mean that the ABI could be completed without the need for a scale that measures core symptoms, and an additional scale to measure anxiety, if these correlations can be replicated in larger studies.

The current study has several limitations. ASD diagnoses of participants were based on a parent report in the phase 1 item generation study and through medical record in the phase 2 item reliability study. Whereas in phase 2, clinically experienced research staff validated the ASD diagnosis based on direct observation using the CARS-2, this tool is not considered the gold standard. The original sample for item generation was large (*n* = 353) and the age range and breadth of impairment were substantial. However, the phase 2 sample for item reliability did not include individuals with a wide range of IQ and language ability, and included only a small proportion of adults. Due to concern over parent burden, measures of externalizing behaviors, such as the ABC, were not used as a comparison, and therefore, we were unable to ascertain the concurrent validity of domains such as self-regulation and challenging behavior. In addition, although we established strong test--retest reliability over an 8-week interval observational study, further research is needed to establish the sensitivity to change of the ABI. As with other scales in development, such as the AIM (Kanne et al. [@B10]), the ABI sensitivity must await future studies of various interventions. In an ongoing study, we are identifying sensitivity to change with other concomitant biosensor information, and future intervention studies using the ABI as a primary outcome measure are planned. These will also involve additional standard scales for comparison and inclusion of participants with a broader range of ability and also of age (in particular, more adults).

Conclusions {#s017}
===========

This study provides initial support for the ABI and is a critical first step in indicating robust reliability and validity of the web-based tool for assessing ASD symptoms. Overall, the results indicate that ABI holds promise as a measure of clinically relevant aspects in ASD symptomatology. Studies are ongoing with a larger sample to evaluate the validation of change in the context of intervention, and to improve clinician ratings through revised ABI-S, direct observation, and standardized interview schedules.

Clinical Significance {#s018}
=====================

The ABI scale has performed well, showing high internal consistency and moderate-to-high associations with standardized paper-and-pencil measures. Daily measures of behavior also showed statistically significant correlations with the ABI and other scales. Daily tracking of symptoms by parents could be a useful way of identifying early change in response to the intervention and is a critical first step in indicating robust reliability and validity of the web-based tool for assessing ASD symptoms.

Supplementary Material
======================

###### Supplemental data
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